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ABSTRACT Nucleotide-bindingdomain,leucine-richrepeatcontainingproteins(NLRs)activatecaspase-1inresponsetoavariety
of bacterium-derived signals in macrophages. NLR-mediated activation of caspase-1 by Legionella pneumophila occurs through
bothanNLRC4/NAIP5-dependentpathwayandapathwayrequiringtheadapterproteinAsc.Bothpathwaysareneededfor
maximalactivationofcaspase-1andforthereleaseofthecytokinesinterleukin-1(IL-1)andIL-18.Ascisnotrequiredfor
caspase-1-dependent pore formation and cell death induced upon infection of macrophages by L. pneumophila. Here, temporal
andspatiallocalizationofcaspase-1-dependentprocesseswasexaminedtobetterdeﬁnetherolesofAscandNLRC4duringin-
fection.Imagingstudiesrevealedthatcaspase-1localizedtoasinglepunctatestructureininfectedcellscontainingAscbutnotin
cellslackingthisadapter.BothendogenousAscandectopicallyproducedNLRC4taggedwithgreenﬂuorescentprotein(GFP)
were found to localize to caspase-1 puncta following L. pneumophila infection, suggesting that NLRC4 and Asc coordinate sig-
nalingthroughthiscomplexduringcaspase-1activation.Formationofcaspase-1-containingpunctacorrelatedwithcaspase-1
processing,suggestingarolefortheAsc/NLRC4/caspase-1complexincaspase-1cleavage.IncellsdeﬁcientforAsc,NLRC4did
notassembleintodiscretepuncta,andpyroptosisoccurredatanacceleratedrate.ThesedataindicatethatAscmediatesintegra-
tionofNLRcomponentsintocaspase-1processingplatformsandthatrecruitmentofNLRcomponentsintoanAsccomplexcan
dampenpyroptoticresponses.Thus,anegativefeedbackroleofcomplexescontainingAscmaybeimportantforregulating
caspase-1-mediatedresponsesduringmicrobialinfection.
IMPORTANCE Caspase-1isaproteaseactivatedduringinfectionthatiscentraltotheregulationofseveralinnateimmunepath-
ways.Studiesexaminingthemacromolecularcomplexescontainingthisprotein,knownasinﬂammasomes,haveprovidedin-
sight into the regulation of this protease. This work demonstrates that the intracellular bacterium Legionella pneumophila in-
ducesformationofcomplexescontainingcaspase-1bymultiplemechanismsandillustratesthatanadaptermoleculecalledAsc
integratessignalsfrommultipleindependentupstreamcaspase-1activatorsinordertoassembleaspatiallydistinctcomplexin
themacrophage.Therewerecaspase-1-associatedactivitiessuchascytokineprocessingandsecretionthatwerecontrolledby
Asc.Importantly,thisworkuncoveredanewroleforAscindampeningacaspase-1-dependentcelldeathpathwaycalledpyrop-
tosis.TheseﬁndingssuggestthatAscplaysacentralroleincontrollingadistinctsubsetofcaspase-1-dependentactivitiesbyboth
assemblingcomplexesthatareimportantforcytokineprocessingandsuppressingprocessesthatmediatepyroptosis.
Received 7 June 2011 Accepted 24 June 2011 Published 19 July 2011
Citation Case CL, Roy CR. 2011. Asc modulates the function of NLRC4 in response to infection of macrophages by Legionella pneumophila. mBio 2(4):e00117-11. doi:10.1128/
mBio.00117-11.
Editor David Mosser, University of Maryland
Copyright © 2011 Case and Roy. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-Share Alike 3.0 Unported
License, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.
Address correspondence to Craig R. Roy, craig.roy@yale.edu.
A
ctivation of the cysteine protease caspase-1 is an important
functionoftheinnateimmunesystemduringtheresponseto
microbial pathogens and toxins. Upon activation of caspase-1,
this protease is able to act on a large variety of downstream sub-
strates, including the proinﬂammatory cytokines interleukin-1
(IL-1)andIL-18(1).Cleavageofthesecytokinespromotestheir
secretion from host cells, where they can signal to neighboring
cells (1). In addition to cleavage of cytokines, active caspase-1 is
able to induce pore formation in host cell membranes, leading to
disruptionofionﬂuxesandosmoticlysisofthecell,orpyroptosis
(2).
Theabilityofcaspase-1tocleaveitstargetsubstratesisdirectly
inﬂuenced by a repertoire of upstream sensor proteins comprised
ofthenucleotide-bindingdomain,leucine-richrepeatcontaining
proteins (NLRs) and absent in melanoma 2 (Aim2) (3). These
proteins are thought to initiate or be intermediates in signaling to
caspase-1followingthedetectionofcytosolicfactorsproducedby
microbes or that indicate cellular dysfunction. The protein
NLRC4 is thought to interact with caspase-1 directly through ho-
motypic caspase recruitment domain (CARD) interactions fol-
lowing detection of microbial products in the cytosol, which in-
clude bacterial ﬂagellin and the type III secretion system rod
protein (4–6). In contrast, NLRP3, which lacks a CARD, interacts
with an adapter protein called Asc following stimulation. Asc is a
bipartite protein containing both a pyrin domain (PYD) and a
CARD that is able to bridge the PYD of NLRP3 and the CARD of
caspase-1 in order to form an activation complex (7). NLRP3 is
thought to induce caspase-1 activation in response to a large vari-
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addition to NLRP3, the mammalian genome encodes many other
NLRP proteins, which may function in caspase-1 activation or
activationofotherinnateimmunesignalingpathways.Inaddition
to the NLRP family of proteins, Aim2 has also been shown to
activate caspase-1 through the adapter protein Asc following de-
tection of DNA in the host cell cytosol (9, 10).
Bacterial pathogens encode a variety of molecules that might
functionasagonistsforNLRproteinswhenpresentinthehostcell
cytosol. Thus, it is not surprising that bacteria induce caspase-1
activation through pathways involving multiple NLRs and Aim2.
One such example is the intracellular pathogen Legionella pneu-
mophila. This Gram-negative bacterium is normally found in
freshwater environments, where it parasitizes amoebas (11).
L. pneumophila is able to invade and replicate in alveolar macro-
phagesofmammalianhostsuponaerosolizationofwaterdroplets
containing these bacteria (12). Human infection can lead to a
severe pneumonia known as Legionnaires’ disease (13, 14).
L.pneumophilapathogenesisisdependentonafunctionaltypeIV
secretion apparatus called Dot/Icm (15). This protein secretion
systemisutilizedbythebacteriumtotranslocateeffectorproteins
into the host cell cytosol in order to manipulate host vesicular
transport proteins and create a vacuole suitable for replication
(16). Although the Dot/Icm secretion apparatus is critical for
pathogenesis, microbial products delivered into the host cytosol
by the secretion system are detected by host receptors and trigger
innate immune responses during infection (17–22). One such re-
sponse is the activation of caspase-1.
The L. pneumophila Dot/Icm system is required for activation
of caspase-1 by two distinct mechanisms that can be separated
genetically. One pathway requires the host protein NLRC4 and is
dependent on bacterial ﬂagellin (20, 23–25). This pathway is acti-
vated in response to L. pneumophila and also in response to Sal-
monellaentericaserovarTyphimuriumandListeriamonocytogenes
(5, 6). NLRC4-mediated activation of caspase-1 during L. pneu-
mophila infection requires an additional NLR protein known as
NAIP5 (20, 26). This protein is thought to function cooperatively
withNLRC4intheresponsetoL.pneumophilaﬂagellininmurine
macrophages (26, 27). In addition to the NLRC4-dependent acti-
vation pathway, there is an Asc-dependent pathway for caspase-1
activationinresponsetoL.pneumophilainfectionthatisindepen-
dentofﬂagellinandNLRC4(17).ProteinsensorsupstreamofAsc
remain unknown, and elimination of NLRP3 is not sufﬁcient to
block the Asc-dependent pathway during L. pneumophila infec-
tion (17, 28). Although both NLRC4 and Asc are required for
maximal production of IL-1 and IL-18 in response to L. pneu-
mophila (17), NLRC4-mediated pyroptosis by L. pneumophila
does not require Asc (17). Similarly, activation of NLRC4 by
L. pneumophila restricts bacterial replication, and Asc is not re-
quired for the caspase-1-dependent restriction of L. pneumophila
replication (17, 20). These data suggest that NLRC4 and Asc reg-
ulate distinct caspase-1-dependent processes during L. pneumo-
phila infection, with Asc being important for the processing and
release of proinﬂammatory cytokines and NLRC4 being required
to direct events that lead to pore formation and pyroptosis.
Onepossiblemechanismforregulationofcaspase-1isthrough
spatial organization of complexes containing caspase-1, which
would provide restricted access to substrates cleaved by this pro-
tease.Consistentwiththishypothesis,Aschasbeenshowntome-
diate the localization of caspase-1 into distinct foci during Salmo-
nella infection in macrophages (29). These foci are thought to be
caspase-1activationplatformsknownasinﬂammasomes(30).To
better understand the roles of NLRC4 and Asc in controlling dis-
tinct caspase-1-dependent events that occur during infection of
macrophages by L. pneumophila, the distribution and spatial reg-
ulation of inﬂammasome components were investigated.
RESULTS
Caspase-1 is recruited to punctate structures after macrophage
infection by L. pneumophila. It had been previously shown that
L. pneumophila activates caspase-1 through both Asc- and
NLRC4-dependentmechanisms(17).Furthermore,giventhedif-
ferential roles of Asc and NLRC4 for pore formation and restric-
tion of intracellular L. pneumophila replication, we hypothesized
thatAscandNLRC4mayregulatecaspase-1activationinaspatial
manner in order to elicit distinct downstream processes. To ad-
dress this possibility, the localization of active caspase-1 in the
context of Asc- or NLRC4-dependent signaling events was exam-
ined. Localization of active caspase-1 was monitored using a bio-
tinylated caspase-1 substrate (biotin-YVAD-FMK) that binds ir-
reversiblytothecaspase-1activesitecysteinefollowingactivation.
Bone marrow macrophages (BMMs) derived from either wild-
type (C57BL/6) mice or mice lacking NLRC4, Asc, or caspase-1
were infected with L. pneumophila for 2 h and analyzed by ﬂuo-
rescence microscopy. Active caspase-1 was detected in wild-type
macrophages infected with wild-type L. pneumophila but not the
type IV secretion-deﬁcient dotA mutant (Fig. 1A). Detection of
active caspase-1 using biotin-YVAD-FMK was speciﬁc, as
Casp1/ macrophages did not exhibit detectable levels of stain-
ing following infection (Fig. 1A). In agreement with previous
studies, L. pneumophila infection resulted in the activation of
caspase-1 in the absence of NLRC4 or Asc alone, conﬁrming that
biotin-YVAD-FMKstainingcanbeusedtoanalyzethetwogenet-
ically distinct pathways for caspase-1 activation (Fig. 1B and C).
Interestingly, in the absence of Asc, the number of macrophages
found to contain active caspase-1 was similar to that of wild-type
macrophages (Fig. 1C). In contrast, signiﬁcantly fewer NLRC4-
deﬁcientmacrophagescontainedactivecaspase-1,suggestingthat
NLRC4 is the major determinant for caspase-1 activation during
L. pneumophila infection (Fig. 1C). Furthermore, caspase-1 acti-
vation was not detectable in Asc/ macrophages infected with
ﬂagellin-deﬁcient L. pneumophila (Fig. 1C). These single-cell as-
sayscorroboratepreviousgeneticstudiesandfurtherdemonstrate
that L. pneumophila activates both NLRC4-dependent and
NLRC4-independentAsc-dependentpathwaysforcaspase-1acti-
vation.
Areas of the cell where active caspase-1 localized were com-
pared in wild-type, NLRC4-deﬁcient, and Asc-deﬁcient macro-
phages to elucidate potential differences in activation sites. Active
caspase-1appearedlocalizedthroughoutthecytosolandnucleiof
infectedmacrophagesofallcelltypestested(Fig.1B).Inaddition,
a portion of staining was concentrated to punctate structures in
the cytosol of infected cells (Fig. 2A). These structures resembled
the caspase-1 foci previously reported during infection of macro-
phages by S. enterica serovar Typhimurium (29, 31). These
caspase-1 foci were found to be enriched in both active and inac-
tive caspase-1, suggesting that they might comprise a platform
that is used for caspase-1 activation (32). Macrophages were in-
fectedwithL.pneumophilaandcostainedbothforactivecaspase-1
using biotin-YVAD-FMK and for total caspase-1 using a poly-
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caspase-1 was found to localize primarily to these distinct foci
during L. pneumophila infection (Fig. 2A).
Asc is required for the recruitment of caspase-1 to punctate
structures after L. pneumophila infection of macrophages. To
determineifotherinﬂammasomecomponentswerelocatedinthe
caspase-1-containing foci, L. pneumophila-infected macrophages
were stained using a polyclonal antibody speciﬁc for Asc, and the
localization of Asc was visualized by ﬂuorescence microscopy.
Similartothelocalizationpatternobservedforcaspase-1,ﬂuores-
cence microscopy indicated that Asc relocalized into a punctate
structure following L. pneumophila infection (Fig. 2B). Impor-
tantly, Asc puncta were formed upon infection of Casp1/ mac-
rophages (Fig. 2B), indicating that the formation of this Asc-
containing structure was independent of caspase-1. Lastly,
costaining revealed that caspase-1 and Asc colocalized in these
punctate structures (Fig. 2B). These data suggest that infection by
L. pneumophila triggers formation of Asc puncta, which then re-
cruit caspase-1.
In order to examine the individual contributions of NLRC4
and Asc to caspase-1-dependent punctum formation, macro-
phages deﬁcient in NLRC4 or Asc were infected with L. pneumo-
phila and stained for caspase-1. These data show that Asc was
required for efﬁcient formation of caspase-1 puncta during
L.pneumophilainfection(Fig.2CandD).Incontrast,NLRC4was
dispensable for the formation of caspase-1 puncta, albeit forma-
tion of caspase-1 puncta was less frequent in the absence of
NLRC4 (Fig. 2C and D), further illustrating that L. pneumophila
infection stimulates multiple pathways that lead to caspase-1 ac-
tivation. In summary, these data demonstrate spatially distinct
patterns of caspase-1 activation in the cell that correlate with dis-
tinct platforms regulated by NLRC4 and Asc.
Ascisimportantforcaspase-1cleavagebutnotforcaspase-1
activation following L. pneumophila infection of macrophages.
Although the biotin-YVAD-FMK staining indicates that activa-
tion of caspase-1 by NLRC4 does not appear to require Asc, it has
been shown that Asc is critical for cleavage of caspase-1 after NLR
activation (33–35). Thus, the role of Asc in the activation and
cleavage of caspase-1 was assessed during L. pneumophila infec-
tion. Macrophages derived from Asc-deﬁcient and NLRC4-
deﬁcient mice were infected for different lengths of time with
L. pneumophila. Immunoblot analysis measuring the appearance
of the p10 subunit of caspase-1 was used to detect cleavage, and
biotin-YVAD-FMK staining was used to assess activation of
caspase-1. In C57BL/6 macrophages infected with L. pneumo-
phila, active and cleaved caspase-1 enzymes were detected at 1 h
postinfection, and the levels of each increased gradually over the
4 h of infection (Fig. 3A and B). Caspase-1 cleavage was not de-
tectable in NLRC4-deﬁcient macrophages until 4 h postinfection
(Fig.3A),whichcorrelatedwiththeappearanceofactivecaspase-1
inthesemacrophages(Fig.3B).Incontrast,inAsc-deﬁcientmac-
rophages,activecaspase-1wasobservedat2hpostinfection;how-
ever, relatively low levels of cleaved caspase-1 were detectable at
these early times (Fig. 3A and B). When Asc-deﬁcient macro-
phages were compared to control C57BL/6 macrophages at 4 h
postinfection, the percentages of macrophages that stained posi-
tive for active caspase-1 were similar (Fig. 3B). Consistent with
Asc being important for caspase-1 cleavage, the levels of cleaved
caspase-1 produced by infected Asc-deﬁcient macrophages were
greatly diminished compared to those produced by infected mac-
rophages derived from control C57BL/6 mice (Fig. 3A). NLRC4-
deﬁcient macrophages showed diminished levels of active
caspase-1 by biotin-YVAD-FMK staining at 4 h postinfection;
however, the levels of cleaved caspase-1 from the NLRC4-
FIG 1 Detection of active caspase-1 during NLRC4- or Asc-dependent activation using biotin-YVAD-FMK. BMMs were infected with L. pneumophila at an
MOI of 10 in the presence of biotin-YVAD-FMK for 2 hours. Bound biotin-YVAD-FMK was detected with streptavidin conjugated to Alexa Fluor 488.
L.pneumophilaweredetectedusingarabbitpolyclonalantibody.(A)Wild-typeorcaspase-1-deﬁcient(Casp1/)BMMswereinfectedwiththewildtype(WT)
or L. pneumophila dotA. Images were obtained using a 20 lens. The scale bar equals 50 m. (B) BMMs from wild-type, Asc-deﬁcient (Asc/), or NLRC4-
deﬁcient (Nlrc4/) BMMs were infected with the wild type or L. pneumophila dotA. The scale bar equals 10 m. (C) Quantiﬁcation of biotin-YVAD-FMK-
positive cells following infection of wild-type, Asc/, Nlrc4/,o rCasp1/ BMMs with wild-type L. pneumophila or L. pneumophila dotA or ﬂaA. Data are
representedasaveragesstandarddeviationsfor3coverslips.Onehundredinfectedcellswerescoredpercoverslip.Dataarerepresentativeoffourexperiments.
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the Asc-deﬁcient cells at this time (Fig. 3A and B). Additionally,
the detection of active caspase-1 in Asc-deﬁcient macrophages
occurred independently of the detectable puncta containing
caspase-1 that was observed in the cells containing Asc (Fig. 3C).
In contrast, cleavage of caspase-1 was difﬁcult to detect in the
Asc-deﬁcientcells,whichshowedastrongdefectintheformation
of caspase-1-containing puncta (Fig. 3A and C). Lastly, the tem-
poral delay in caspase-1 activation and cleavage observed in
NLRC4-deﬁcient macrophages correlated with the kinetics of
punctumformation(Fig.3AandC).ThesedatasuggestthatAscis
not required for the activation of caspase-1 upon NLRC4 stimu-
lation by L. pneumophila; however, Asc does play an important
role in the recruitment and cleavage of caspase-1 in the puncta
formed upon stimulation of the NLRC4 activation pathway and
the pathway that is independent of NLRC4.
Asc recruits NLRC4 to punctate structures following L.
pneumophila infection of macrophages. Although Asc was not
necessary for activation of caspase-1 following stimulation of
NLRC4, the observation that activation of NLRC4 resulted in the
recruitment of caspase-1 to Asc-containing puncta raised the
questionofwhetherNLRC4wasalsorecruitedtothesestructures.
Bone marrow-derived cells were transduced with a retroviral vec-
torencodingthegreenﬂuorescentprotein(GFP)-NLRC4protein
sothatNLRC4localizationcouldbevisualizedinmacrophages.In
unstimulated macrophages, the GFP-NLRC4 protein was dis-
persed throughout the cytosol, similar to cells expressing GFP
alone (Fig. 4A). The GFP-NLRC4 protein localized to a single
punctatestructurefollowinginfectionofmacrophagesbyL.pneu-
mophila (Fig. 4A), and this GFP-NLRC4 structure resembled the
puncta observed previously that contained Asc and caspase-1. In
controlmacrophagesproducingGFPalone,therewasnolocaliza-
tion of GFP to punctate structures following infection (Fig. 4A).
ComplementationassaysshowedthatproductionofGFP-NLRC4
in Nlrc4/ macrophages restored the ability of these cells to ac-
tivate caspase-1 in response to wild-type L. pneumophila and that
FIG 2 Caspase-1 puncta induced by L. pneumophila require Asc but not NLRC4. BMMs were infected with the wild type or L. pneumophila dotA at an MOI of
10inthepresenceofbiotin-YVAD-FMKfor4hours.Biotin-YVAD-FMKboundtoactivecaspase-1wasdetectedwithstreptavidinconjugatedtoAlexaFluor488.
(A) Wild-type or Casp1/ BMMs were infected with L. pneumophila strains. Caspase-1 protein was detected using a rabbit polyclonal antibody to the p10
fragmentofcaspase-1.(B,top)BMMsfromwild-type,Asc/,orCasp1/BMMswereinfectedwithL.pneumophilaandstainedforAscproteinusingarabbit
polyclonalantibody.(Bottom)Wild-typemacrophagesinfectedwithL.pneumophilawerestainedforcaspase-1usingarabbitpolyclonalantibodyspeciﬁctothe
p10fragmentandforAscusingagoatpolyclonalantibody.(C)BMMsfromwild-type,Asc/,orNlrc4/BMMswereinfectedwithL.pneumophilastrainsand
probed for caspase-1 using a rabbit polyclonal antibody to the p10 fragment of caspase-1. (D) Quantiﬁcation of biotin-YVAD-FMK-positive cells containing
caspase-1 puncta following infection of wild-type, Asc/,o rNlrc4/ BMMs with L. pneumophila strains. Caspase-1 protein was detected using a rabbit
polyclonalantibodytothep10fragment.Dataarerepresentedasaveragesstandarddeviationsfor3coverslips.Onehundredbiotin-YVAD-FMKpositivecells
were scored per coverslip. Data are representative of three experiments. The scale bars equal 10 m.
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with stimulation of the pathway leading to caspase-1 activation
(Fig. 4B).
Because the GFP-NLRC4 complexes were morphologically
similartothepunctatestructurescontainingAscthatappearedin
cells after stimulation of caspase-1 activation pathways, studies
were conducted to determine if Asc was required for recruitment
of GFP-NLRC4 to these punctate structures. GFP-NLRC4 was
producedinAsc/macrophages.LocalizationofGFP-NLRC4to
punctate structures was not observed in the Asc-deﬁcient macro-
phages after infection by L. pneumophila (Fig. 4C and D). Impor-
tantly,thelocalizationofGFP-NLRC4topunctatestructuresafter
stimulation of macrophages by L. pneumophila did not require
caspase-1 (Fig. 4C and D), indicating that recruitment of GFP-
NLRC4tothesestructuresbyAscdidnotrequireinteractionswith
caspase-1.Thus,AsccouldplayaroleinmodulatingNLRC4func-
tion through recruitment of this protein into the punctate struc-
tures formed upon stimulation of a caspase-1 activation pathway.
NLRC4recruitmentintoAsc-dependentpunctatestructures
isnotrequiredforpyroptosis.AlthoughNLRC4isrecruitedtoan
Asc-containing complex upon stimulation of this pathway by
L.pneumophila,previousstudiesindicatedthatAscisdispensable
for pore formation and pyroptosis (17). To determine whether
pyroptosis involves a major relocalization of NLRC4, the dynam-
ics of GFP-NLRC4 localization was analyzed during induction of
pyroptosis by L. pneumophila. Pyroptosis was assessed using two
assays. The ﬁrst assay measured the formation of pores in the
plasmamembraneofmacrophagesthatresultedinthestainingof
macrophages by the membrane-impermeable dye propidium io-
dide (PI). The second assay measured the release of lactate dehy-
drogenase (LDH) from macrophages that results from cell lysis.
Production of GFP-NLRC4 restored pore formation and LDH
release in NLRC4-deﬁcient macrophages but not in caspase-1-
deﬁcient macrophages following L. pneumophila infection (see
Fig.S1inthesupplementalmaterial).Thus,GFP-NLRC4comple-
ments the defect in pyroptosis observed for the NLRC4-deﬁcient
macrophages. The dynamics of GFP-NLRC4 localization and the
kinetics of pyroptosis were analyzed upon infection of macro-
phageswithL.pneumophilausinglive-cellimaging.Thedynamics
of GFP-NLRC4 changed upon stimulation of macrophages with
L. pneumophila. The diffuse cytosolic pool of GFP-NLRC4 ob-
served in unstimulated macrophages relocalized into a single
punctate structure following infection with L. pneumophila
(Fig. 5; see also Movie S1 in the supplemental material). Macro-
phages became positive for propidium iodide (PI) and appeared
to undergo pyroptosis shortly after recruitment of GFP-NLRC4
intothesepunctatestructures.StudiesusingAsc-deﬁcientmacro-
phagesshowedthatthisredistributionofGFP-NLRC4intopunc-
tate structures was not necessary for pyroptosis. Pyroptosis as
measured by PI staining was not adversely affected in Asc-
deﬁcient macrophages upon infection by L. pneumophila; how-
ever, no redistribution of GFP-NLRC4 was apparent (Fig. 5;
Movie S2), indicating that the formation of NLRC4 puncta is not
required for pyroptosis. Importantly, the formation of GFP-
NLRC4 puncta could be observed in control caspase-1-deﬁcient
macrophages following infection by L. pneumophila, but these
cells remained PI impermeable, indicating a defect in pyroptosis
(Fig. 5; Movie S3). These data demonstrate that macrophage py-
roptosis induced by L. pneumophila requires NLRC4 and
caspase-1butdoesnotrequireAscortheredistributionofNLRC4
intoamorphologicallydistinctactivationplatformresemblingthe
Asc-containing punctate structure.
AscdampensthepyroptoticresponsetoL.pneumophila.In-
fection of NLRC4-deﬁcient macrophages by L. pneumophila re-
sultedintheformationofacaspase-1activationplatformcontain-
ing Asc; however, caspase-1-dependent pore formation was not
observed in the NLRC4-deﬁcient macrophages, suggesting that
formation of the Asc platform used to activate caspase-1 was not
sufﬁcienttopromotepyroptosis.TheinabilityoftheAscplatform
to promote pyroptosis suggests that this complex may promote
othercaspase-1-dependentprocesses,suchascytokineprocessing
and secretion, and compete with the Asc-independent processes,
such as pyroptosis. This suggests that recruitment of NLRC4 and
FIG3 Ascisimportantforcaspase-1processingbutnotcaspase-1activation.
Wild-type, Asc/,o rNlrc4/ BMMs were infected with the L. pneumophila
wild-type, dotA,o rﬂaA strain at an MOI of 10 for various times. (A) Immu-
noblotanalysisofcombinedculturesupernatantsandlysatestodetectthep10
fragment of cleaved caspase-1. Numbers below the lanes indicate the relative
densities of p10 bands for each sample compared to those of the wild type at
4 hours postinfection after normalizing to a loading control band for each
sample on the same gel. (B and C) Macrophages were incubated with biotin-
YVAD-FMK for 15 minutes prior to infection. Biotin-YVAD-FMK bound to
activecaspase-1wasdetectedusingstreptavidinconjugatedtoAlexaFluor488.
(B) Infected cells positive for biotin-YVAD-FMK were scored. (C) Infected
cellscontainingcaspase-1punctawerescored.Caspase-1proteinwasdetected
usingarabbitpolyclonalantibodytothep10fragment.Dataarerepresentedas
averages  standard deviatiosn for 3 coverslips in each experiment. One hun-
dred infected cells were scored per coverslip in each experiment. ND, not
detected. Data are representative of at least two experiments.
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modulate the pyroptotic potential of NLRC4. To test this possi-
bility, the kinetics of pore formation in macrophages were com-
paredtodeterminewhetherthepresenceofAscaffectstheratesof
pyroptosis in response to L. pneumophila infection. Pyroptosis
was measured in real time using ﬂuorescence spectroscopy to
measure PI uptake by macrophages during L. pneumophila infec-
tion. These data revealed that Asc-deﬁcient macrophages became
permeable to propidium iodide at a signiﬁcantly higher rate than
wild-type macrophages (Fig. 6A). Interestingly, a slight delay in
theinitialpropidiumiodideuptakewasobservedinAsc-deﬁcient
cellscomparedtothatobservedincontrolmacrophages(Fig.6A),
which was consistent with the delay in caspase-1 activation ob-
served in Asc-deﬁcient cells (Fig. 3B). Both the rate and the max-
imum intensity of PI staining, however, were higher in the Asc-
deﬁcient macrophages. Consistent with the real-time assays
measuringporeformation,LDHreleaseassaysshowedhigherlev-
els of cell lysis for the Asc-deﬁcient macrophages than for control
macrophages following infection with L. pneumophila (Fig. 6B).
These data suggest that recruitment of NLRC4 into Asc-
containing puncta dampens the pyroptotic functions associated
with this NLR.
DISCUSSION
Caspase-1 activation in response to microbe-derived signals can
stimulate a diverse number of cellular processes. The ranges in
signaling pathways and host responses triggered by caspase-1 ac-
tivationlikelyreﬂectthelargenumberofsubstratesinthecellthat
are susceptible to cleavage by the active protease (36). Although a
large number of proteins are cleaved by caspase-1 in vitro, dem-
onstration of cleavage of these cellular factors by caspase-1 in vivo
has not been straightforward. One possible reason for this could
bethattheactivationofcaspase-1andtheaccesstheactiveprotein
has to substrates could be regulated both spatially and temporally
in vivo. This hypothesis is strengthened by studies examining
caspase-1-dependent responses to microbial pathogens, which
candifferentiallyactivatethesediversesignalingpathways.Studies
onL.pneumophilahavedemonstratedtwodifferentcaspase-1ac-
tivation pathways that utilize different adapter proteins (17).
NLRC4-mediatedactivationofcaspase-1byL.pneumophilaisre-
quired for pyroptotic cell death and restriction of bacterial intra-
cellular replication, whereas NLRC4-independent activation of
caspase-1 is mediated by an Asc-dependent pathway and is not
associated with pyroptosis or restriction of L. pneumophila intra-
FIG4 NLRC4isrecruitedtoAsc-dependentpunctatestructuresduringL.pneumophilainfection.Mousebonemarrowcellsfromwild-type,Asc/,Nlrc4/,
or Casp1/ mice were transduced with a retrovirus encoding either GFP or GFP-NLRC4. Transduced macrophages were infected with L. pneumophila strains
at an MOI of 10 for 1 hour. (A) Wild-type macrophages expressing GFP or GFP-NLRC4 were infected with L. pneumophila and stained for GFP using a mouse
polyclonal antibody and for L. pneumophila using a rabbit polyclonal antibody. (B) Macrophages expressing GFP-NLRC4 were infected with L. pneumophila in
the presence of biotin-YVAD-FMK. Biotin-YVAD-FMK bound to active caspase-1 was detected using streptavidin conjugated to Alexa Fluor 594. (Right)
Quantiﬁcation of data obtained. Data are represented as averages  standard deviations for 3 coverslips in each experiment. One hundred cells were scored per
coverslip in each experiment. (C) Macrophages expressing GFP-NLRC4 were infected with L. pneumophila and probed for GFP using a mouse polyclonal
antibodyandforcaspase-1usingarabbitpolyclonalantibodytothep10fragment.Dataarerepresentativeofatleasttwoexperiments.Thescalebarsequal10m.
(D) Quantiﬁcation of GFP-NLRC4 puncta from the data obtained from experiments shown in panel C. Data are represented as averages  standard deviations
for 3 coverslips in each experiment. One hundred transduced cells were scored per coverslip in each experiment.
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netically tractable system in which distinct caspase-1-dependent
processes can be analyzed.
Staining L. pneumophila-infected macrophages with the re-
agent biotin-YVAD-FMK was used to address the possibility that
caspase-1-mediated activities can be differentially regulated
throughtargetingtheactiveproteasetodiscreteregionsofthecell
containing different substrates or to complexes that can recruit
speciﬁc substrates. These studies revealed diffuse cytosolic distri-
butionoftheactiveproteasefollowingNLRC4-dependentorAsc-
dependent signaling alone (Fig. 1B). These data do not disprove
thehypothesisthatspatialregulationofcaspase-1activationcould
inﬂuencesubstrateselection,asitremainspossiblethatinitialtar-
geting of the protein could be important for cleavage of select
substrates. However, diffusion may then disperse that active pro-
tease after activation, making it difﬁcult to identify the regions of
initial activation.
Although active caspase-1 was diffusely localized in macro-
phages, previous studies and data provided here indicate that
much of the total caspase-1 is recruited into a discrete punctate
structureinthecelluponstimulationofcaspase-1activationpath-
ways (29, 30). Both caspase-1 and Asc localized to this structure
following L. pneumophila infection (Fig. 2A and B). The associa-
tion of caspase-1 into punctate structures required Asc but not
NLRC4, consistent with assembly of this complex being a general
consequenceofcaspase-1activationandnotbeingassociatedwith
activation by a single NLR protein member. The rate at which
these punctate structures formed and the number of cells that
stained positive for these punctate structures following L. pneu-
mophila infection were reduced in NLRC4-deﬁcient cells. Thus,
the stimulation of NLRC4 by L. pneumophila provided a signal
that resulted in rapid assembly of these structures, and this indi-
cates that NLRC4-dependent signaling integrates into the forma-
tion of Asc complexes containing caspase-1 upon infection of
macrophages by L. pneumophila.
FIG 5 NLRC4 relocalization to Asc-dependent punctate structures is not
required for pyroptosis. Mouse bone marrow cells from wild-type, Asc/,o r
Casp1/ mice were transduced with retroviruses encoding GFP or GFP-
NLRC4. Transduced macrophages were infected with broth culture-grown
L. pneumophila expressing DsRed at an MOI of 5. GFP-NLRC4 relocalization
was monitored using live-cell microscopy with a spinning-disk confocal mi-
croscope.Poreformationandpyroptosisweremonitoredbyusingpropidium
iodide uptake and loss of cell membrane integrity as readouts. Cells were in-
cubatedinthepresenceofpropidiumiodideat6g/ml.Imageswereacquired
every minute. Galleries contain images of the projected confocal stacks at the
indicated time points for each experiment. Arrows indicate GFP-NLRC4
punctatestructures.Thescalebarsequal5m.Imagesarerepresentativeofat
least 3 experiments.
FIG 6 Asc dampens NLRC4-dependent pore formation and pyroptosis. BMMs from wild-type, Asc/, Nlrc4/,o rCasp1/ mice were infected with
broth-grownL.pneumophilastrainsatanMOIof2.(A)BMMsinfectedwiththewildtypeorL.pneumophiladotAwereincubatedinthepresenceofpropidium
iodide (6 g/ml) to monitor pore formation. PI ﬂuorescence was measured every 3 minutes using a 96-well microplate reader. Data are represented as averages
 standard deviations of 3 wells after subtraction of noninfected samples in each experiment. Rates of pore formation for Asc/ or wild-type cells in response
towild-typeL.pneumophilawerecalculatedfromtheinitial60minutesfollowingdetectionofPIﬂuorescenceabovebackgroundlevels.(B)CelldeathofBMMs
infectedwiththewildtypeorL.pneumophiladotAwasmonitoredbyquantifyingLDHreleaseat2hourspostinfection.ValuesrepresentthepercentagesofLDH
released compared to the cells lysed with Triton X-100. Data points are averages  standard deviations. Data are representative of at least two experiments.
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not required for caspase-1 activation in response to NLRC4-
dependent signaling (17, 20); however, it is clear that cleavage of
caspase-1 is signiﬁcantly impaired in the absence of Asc (33–35).
These data indicate that uncleaved and cleaved caspase-1 repre-
sent distinct forms of the active protease and may have distinct
functions. Caspase-1 cleavage correlated with formation of the
punctate structure containing Asc that recruited caspase-1. In the
absence of Asc, both caspase-1 cleavage and punctum formation
were signiﬁcantly impaired, indicating that this structure is im-
portant for the caspase-1 cleavage process. The ﬁnding that
puncta containing Asc were present in macrophages deﬁcient for
caspase-1 indicate that the assembly of this complex likely pre-
cedes caspase-1 recruitment and that assembly of this Asc com-
plex is a consequence of stimulation of sensor proteins that regu-
latecaspase-1activationandisnotdirectlymediatedbycaspase-1.
ThesedatasuggestthattheAsc-containingpunctaareinvolvedin
theprocessingofcaspase-1,butintheNLRC4activationpathway,
the Asc complex is not required for caspase-1 activation.
Theseresultsagreewithrecentlypublisheddataindicatingthat
Asc is important for caspase-1 processing in response to NLR ac-
tivation (32). It was proposed that recruitment and cleavage of
caspase-1byAscpunctaisimportantfortheprocessingandsecre-
tion of the proinﬂammatory cytokine IL-1 (32). Most pathways
that trigger caspase-1 activation lead to IL-1 and IL-18 process-
ing by macrophages, which is consistent with the Asc platform
beingsharedbydifferentcaspase-1activationpathways.Thus,the
Asc platform may allow agonists sensed by different proteins that
activate caspase-1 to be integrated into a central hub dedicated to
the cleavage and secretion of these cytokines. This hypothesis is
consistentwithdatapresentedhereandpublishedpreviouslythat
indicate Asc is important for the cytokine response induced dur-
ing L. pneumophila infection but not for NLRC4-mediated re-
sponses that restrict replication of L. pneumophila (17, 20).
The ﬁnding that GFP-NLRC4 localized to puncta containing
Asc and caspase-1 following L. pneumophila infection was of im-
portance because it provided direct evidence that an NLR protein
can integrate into the Asc platform. Time-lapse microscopy
showedclearlythatinmacrophagesdeﬁcientforAsc,thelocaliza-
tionofGFP-NLRC4inpunctatestructureswasnotobserved,even
thoughthesemacrophageswereabletosenseinfectionbyL.pneu-
mophila and activate caspase-1-dependent processes that resulted
in the formation of pores in the plasma membrane and induction
of pyroptosis. Thus, NLRC4 appears to integrate both Asc-
independent pyroptotic responses requiring caspase-1 and the
processing of cytokines mediated by cleaved caspase-1 that re-
quires the Asc platform. These data are in agreement with recent
observations showing that a variant of caspase-1 that is unable to
undergoproteolyticprocessingwasactivatedandinducedpyrop-
tosis in response to Salmonella or Legionella infection of macro-
phages (32).
AroleforAscindampeningpyroptoticresponseswasrevealed
when the kinetics of pore formation induced during infection of
macrophagesbyL.pneumophilaincontrolandAsc-deﬁcientcells
were compared. Infection of the Asc-deﬁcient macrophages aug-
mentedtherateandmagnitudeofporeformationandresultedin
macrophages that were more susceptible to the NLRC4-
dependentpyroptoticcelldeathinducedbyL.pneumophila.These
data suggest that the ability of the Asc complex to recruit NLRC4
may interfere with the role of NLRC4 in promoting pyroptosis
and facilitate cytokine processing by focusing activation of
caspase-1totheAscplatform.Thus,thescaffoldassembledbyAsc
plays a role in cellular homeostasis by balancing caspase-1-
dependent pyroptotic responses and caspase-1-dependent pro-
cessing of cytokines.
MATERIALS AND METHODS
Bacterial strains and bone marrow-derived macrophage infections.
C57BL/6 mice were purchased from Jackson Laboratories. Nlrc4/,
Asc/, and Casp1/ mice have been described previously (34, 37–39).
Bone marrow was collected from the femurs and tibiae of mice and cul-
tured as described previously (17). Following differentiation, macro-
phages were replated in RPMI 1640 containing 10% fetal bovine serum
(FBS) and 5% macrophage colony-stimulating factor (M-CSF), unless
indicated otherwise. For infection studies, L. pneumophila thyA (Lp02)
(40), a thymidine auxotroph derived from the L. pneumophila serogroup
1 strain Lp01, was used, along with the dotA (40) and ﬂaA (23) isogenic
mutants. Bacteria were cultured for 48 h on charcoal-yeast extract agar
plates or overnight in liquid culture in ACES [N-(2-acetamido)-2-
aminoethanesulfonic acid]-buffered yeast extract media supplemented
with thymidine (100 g/ml). For live imaging experiments, Lp02 strains
expressing the ﬂuorogenic protein DsRed-Express were used (41). Infec-
tions were performed by centrifuging bacteria onto macrophages for
5 min at 400  g. More detailed protocols of macrophage culturing and
bacterial infections can be found in Text S1 in the supplemental material.
Microscopy.Macrophageswereplatedonglasscoverslips(2105per
coverslip) in 24-well dishes. Cells were infected with L. pneumophila at a
multiplicity of infection (MOI) of 10 for the indicated times. In experi-
ments involving biotin-YVAD staining of caspase-1, biotin-YVAD-FMK
(ENZO Life Sciences) was added to macrophage media 15 minutes prior
to infection at a ﬁnal concentration of 25 M. Primary antibodies used
included rabbit anti-caspase-1 p10 (1:100 dilution; Santa Cruz Biotech-
nology), rabbit anti-Asc (1:1,000 dilution; AdipoGen), goat anti-Asc (1:
100 dilution; Santa Cruz Biotechnology), and mouse anti-GFP (1:500
dilution; Roche). L. pneumophila was detected using either rabbit poly-
clonal or mouse polyclonal antibodies developed in this lab. Secondary
antibodies used were Alexa Fluor conjugates from Invitrogen (1:500 to
1:2,000dilutions).Fordetectionofbiotin-YVAD-FMK,streptavidincon-
jugatedtoAlexaFluor488or594wasused(1:1,000dilution;Invitrogen).
Detailed methods for immunoﬂuorescent staining and live cell micros-
copy can be found in Text S1 in the supplemental material.
Immunoblot analysis. Macrophages were added to 12-well plates (5
 105 per well) and infected with L. pneumophila at an MOI of 10 for the
indicated times. Proteins from culture supernatants and lysates were pre-
pared as described previously (17), combined, subjected to SDS-PAGE
analysis, and transferred to Immobilon-P membranes. Rabbit polyclonal
antibodies raised against the p10 subunit of caspase-1 (Santa Cruz Bio-
technology) and goat anti-rabbit secondary antibodies conjugated to
horseradish peroxidase (Zymed) were used. ImageJ (NIH) was used for
quantitation of protein levels in immunoblots. Scanned TIFF images of
immunoblots were analyzed, and the integrated signal density of individ-
ual bands was calculated.
Pore formation and cell death assays. Macrophages were added to
96-well plates (1  105 per well) and infected with broth-grown L. pneu-
mophila at an MOI of 2 for 2 h. Infections were carried out in RPMI 1640
lacking phenol red. For cell death assays, supernatants were harvested for
analysis of LDH released by dying cells. LDH levels in supernatants were
quantiﬁedusingtheCytotox96kit(Promega).Forporeformationassays,
cultures contained 20 mM HEPES and propidium iodide (6 g/ml) and
wereincubatedat37°CinaTecanInﬁniteM1000ﬂuorescentplatereader.
Propidium iodide ﬂuorescence was measured every 3 minutes.
Retroviral transductions. Murine Nlrc4 was cloned into the pEG-
FP(C2) vector (Clontech). GFP-NLRC4 and GFP alone were cloned into
the pMSCV2.2 murine-speciﬁc retroviral vector (Clontech). 293T cells
wereusedtopackageretrovirusesasdescribedpreviously(42).Bonemar-
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days 3 and 4 of differentiation.
Statistical analysis. Statistical signiﬁcances for immunoﬂuorescence
quantitation, pore formation, and LDH assays were calculated using the
unpaired Student t test. Differences were considered statistically signiﬁ-
cant if the P value was 0.05.
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